The need to generate sub 100 nm features is of interest for a variety of applications including optics, optoelectronics, and plasmonics. To address this requirement, several advanced optical lithography techniques have been developed based on either multiphoton absorption polymerization or near-field effects. In this paper, we combine strengths from multiphoton absorption and near field using optical trap assisted nanopatterning (OTAN). A Gaussian beam is used to position a microsphere in a polymer precursor fluid near a substrate. An ultrafast laser is focused by that microsphere to induce multiphoton polymerization in the near field, leading additive direct-write nanoscale processing.
Introduction
Laser direct-write techniques have a number of benefits for rapid prototyping applications in optics, optoelectronics, microfluidics, and tissue engineering. While high speed, high accuracy, and various workable materials enable these techniques to find widespread acceptance in industry, traditional diffraction limit prevents these approaches from reaching nanoscale resolution. In order to address this issue, several techniques based on either non-linear absorption or near-field effects have been developed to overcome these challenges. Using high peak power of a femtosecond laser to induce non-linear absorption of a photopolymer precursor, one can take advantage of the sharp threshold of non-linear A second ultrafast pulsed laser is directed through the same optical path and through a bead where it is focused in the near field, initiating multiphoton processes; (b) a 3.5 um polystyrene sphere trapped by a Gaussian beam laser in NOA84 solution moves relatively to the glass substrate; (c) a femtosecond laser irradiation (red spot) on the polystyrene sphere induces multiphoton absorption polymerization right below the sphere; (d) user-defined features," PU", composed of two photon polymerization voxels are deposited on a glass substrate absorption for the creation of complex structures with sub 100 nm size scale [1] [2] . On the other hand, near-field effects harness an evanescent wave, allowing the light to be focused below the limit of diffraction. For example, illuminating a focused light into an atomic force microscope (AFM) tip [3] or self-assembly spheres [4] have been shown to produce features down to 100 nm. Here we present a technique, optical trap assisted nanopatterning mulitphoton polymerization (OTAN-MP) [5] [6] [7] [8] [9] [10] for the creation of additive nanostructures using the combined strengths of optical near-field effects and multiphoton absorption polymerization without constraints from the individual technique. Compared with traditional multiphoton absorption techniques where a femtosecond laser from outside the photopolymer precursor chamber is tightly focused into a small voxel within the precursor, inducing non-linear absorption and deposition of polymer, near-field multiphoton absorption offers several additional advantages. For example, one can shape the optical intensity in the near-field using various bead shapes and sizes. In addition, the large intensity enhancement in the near field allows one to use a lower laser fluence to reach a similar threshold for multiphoton deposition. Finally, one can deposit features in a parallel fashion using arrays of trapped beads and process with a femtosecond laser at a time [6, 9] . Fig. 1 (a) shows an experimental setup for OTAN system. NOA 84 is chosen as a polymer precursor due to its low viscosity of 40-75 centipoise at 25°C and its refractive index (n = 1.46) lower than that of polystyrene (n = 1.62) , which allows for stable optical trapping. We first disperse an aqueous solution of polystyrene spheres (3.5 μm) in the NOA 84 by a ratio of 1:20. We pipette 20 μl of these polymer precursor bead solutions on a glass substrate and sandwich them using a double sided tape and a cover glass. An oil immersion objective (100x/NA1.25) and a near infra-red cw Gaussian laser (wavelength =1064 nm) with an effective power of 60 mW is focused to position a 3.5 μm polystyrene sphere in three dimensions above a glass substrate. As the absorption of NOA 84 starts at wavelength below =450 nm, a femtosecond laser ( =800 nm, pulse duration =120 fs) was chosen to illuminate the trapped polystyrene, producing multiphoton polymerization voxel deposited below the sphere on a glass substrate at an effective fluence of 20 mJ/cm 2 . In this experiment, the trapping laser remains fixed and the substrate is translated in a user-defined pattern. After the femtosecond laser exposure, we use ethanol to remove any unexposed liquid polymer precursor and analyze resulting nanostructures using SEM and E-SEM.
Experimental Setup
A CCD camera is used to monitor the laser direct-write processing, enabling one to locate and position a microsphere on a glass substrate. Figs. 1 (b) , (c), and (d) show frame snapshots from the CCD camera. In fig. 1 (b) , a microsphere is just trapped by a cw laser and positioned about 3.5 μm away from a glass substrate. Fig. 1 (c) demonstrates that as a femtosecond laser irradiates the trapped microsphere, the sphere stays in a stable trapping condition above the glass substrate, inducing multiphoton absorption polymerization deposited on the glass substrate. In addition, it is possible to translate the sphere in the low viscosity polymer precursor solution to trace out a pattern, "PU", in the presence of femtosecond laser irradiation as shown in fig. 1 (d) .
Results and Discussion
In order to understand the fundamental physics of near-field polymerization, we pattern a line of deposited voxels and use SEM and E-SEM to characterize them. In fig. 2 (a) , a SEM image shows that a line of deposited voxels on a glass substrate with a diameter around 250 nm using a 3.5 μm microsphere. In fig. 2 (b) , two voxels are next to a cluster of 3.5 μm microspheres, showing the near-field multiphoton effect produces significantly smaller sizes of voxels as compared to these of microspheres used to produce these voxels. Figs. 2 (c) and (d) demonstrate two magnified E-SEM images of voxels, where the smallest feature size produced is sub 100 nm, 1/8th of the wavelength of the femtosecond laser.
Finally, using a finite difference time domain (FDTD) model, we can not only understand but predict how OTAN-MP system behaves. Fig. 3 (a) shows the FDTD simulation of intensity enhancement near a 3.5 μm sphere, assuming a plane wave with unit intensity that propagates from the top to the bottom of a domain. Fig. 3 (b) shows the intensity enhancement at the focal plane of a sphere, where is about 3.5 μm away from the bottom of a sphere. The benefit of having a focal plane outside the sphere is that as a voxel is generated it does not attach to the bottom of the sphere. Fig. 3 (c) shows the FWHM of the focal spot is 560 nm, using 2D Gaussian fit of the intensity enhancement. In fig. 3 (d) , while the microsphere delivers diffraction limited focal spot, the multiphoton absorption sharp threshold enables one to generate sub 100 nm features. Finally, we can control the location of the focal plane by using different bead sizes. As bead size increases, the focal plane moves further away from the bead. Although a larger focal distance prevents a voxel from attaching a bead, it has the negative effect of creating a smaller effective numerical aperture, resulting in a larger focal spot size. At the same time, larger beads exhibit greater intensity enhancement in the near-field, mitigating this effect [5] . Therefore, optimizing the near-field focusing intensity and numerical aperture of a bead is a necessary topic for future study. These results suggest that OTAN-MP is a viable technique for the creation of additive sub 100 nm features for many emerging applications.
